Hankwitz, and Wharton, who were able to demonstrate protection against lethality with serum from endotoxin-treated rabbits and mice (7) .
Several recent developments have led to a revival of interest in the possibility that immunologic mechanisms may be implicated in endotoxin tolerance: a) the demonstration that the passive transfer of serum from tolerant hosts confers on recipients a reduction in pyrogenic response (8) ; b) the discovery that RES-blockaded tolerant rabbits retain a significant degree of tolerance when compared with either blockaded (9) or nonblockaded normals (10) ; and c) evidence that two types of immunoglobulins (7 S and 19 S) are produced in response to stimulation with these somatic antigens (11) . 19 S macroglobulins are potent opsonins and possess complement-fixing activity (12) . Since these capabilities are likely to be implicated in host resistance to endotoxin, the type of antibody evoked in the production of tolerance could be important.
Although frequent reference has been recently made to the involvement of immunologic factors, there has been an absence of information on serum antibody measurements in animals rendered refractory to the pyrogenic effects of endotoxin. Furthermore, there is a paucity of quantitative data as regards the rate at which tolerance is lost. Accordingly, studies were undertaken to determine by quantitative methods the pyrogenic reactivity and concomitant levels of specific antibody during a prolonged period in rabbits that had been rendered tolerant by single or multiple injections of bacterial endotoxin.
Methods

Rabbits
More than 300 New Zealand albino rabbits of both sexes, weighing approximately 2 kg, from the same colony (National Institutes of Health) were used. Ani-920 mals were housed in air-conditioned quarters and tested in the same room.
Recording of temperature Temperatures (degrees Centigrade) were monitored with thermistors connected to a recording telethermometer 1 and inserted 4 to 6 inches into the rectum. On the day before testing, rabbits were trained for 6 to 8 hours in wooden stocks with loosely fitting collars. To insure a steady base line on the day of testing, temperatures were recorded for at least 1 hour before injection; animals with temperatures that varied more than 0.20 C or were below 38.5 or above 39.9°C were excluded. Febrile responses were plotted on 1-by 1-inch. standard graph paper; 2 1 hour and 1 degree each equaled 1 inch. The area in centimeters squared, fever index (FI), under a 5-hour fever curve, was measured with a compensating polar planimeter.3 Data were recorded as the mean FI of four or more animals.
Endotoxin
A purified endotoxin derived from Salmonella enteritidis by the aqueous-ether procedure was used throughout (13) . The endotoxin, prepared in concentrated stock solution (0.5 to 1 mg per ml) by adding sterile phosphate-buffered saline (pH 7.4) and agitating on a rotating machine, was stored at -20°C in pyrogen-free vials. Immediately before use the stock solution was defrosted and diluted appropriately with saline. The endotoxin was injected in 1-ml quantities into a marginal ear vein. Sterile, pyrogen-free disposable needles and syringes were used throughout.
Collection of serum
Blood specimens for serologic tests were obtained in 5-to 10-ml samples from marginal ear veins. Animals were bled before the first injection of endotoxin and on the afternoon before the day they were to be challenged. Individual samples were allowed to clot at room temperature, and the serum was separated by centrifugation. The serum from each animal and, in most instances, pools from each group of rabbits were distributed in 3-to 10-ml amounts and stored at -700 C.
Antibody assays
All antibody assays were performed on pooled sera. Bactericidal activity. In the presence of complement, antibody is capable of killing certain strains of Enterobacteriaceae (14) . Serum bactericidal activity was assayed by adding 0.2 log dilutions of the test serum to an equal volume of the complement source (precolostral calf serum). To each of these mixtures was added 100 viable Salmonella typhosa 0901; after incubation at 370 C for 60 minutes, plating, and overnight incubation, colonies were enumerated, and antibody activity was expressed as 'Yellow Springs Instrument Co., Yellow Springs, Ohio. the reciprocal of the serum dilution calculated to kill 50%o of the inoculum (SD50) .
Hemagglutinating antibody. Hemagglutinating antibody was determined by mixing 0.2 ml of doubling dilutions of serum with an equal volume of sheep erythrocytes previously coated with alkali-treated Salmonella enteritidis endotoxin (10 ltg antigen per ml 1% erythrocytes). Agglutination was read after incubation for 2 hours at 370 C followed by 18 hours at 40 C. The titer was expressed as the reciprocal of the final serum dilution giving grossly visible agglutination.
Bentonite flocculation. Serum antibody was measured by coating bentonite particles with the homologous endotoxin and observing flocculation by serial twofold dilutions of the sera (15) .
Bacterial agglutination. The agglutination reagent employed was a heat-killed (2 hours at 1000 C) and washed suspension of S. enteritidis adjusted to a concentration of 1 X 109 organisms per ml. To 0.25-ml volumes of doubling dilutions of test sera, distributed in Kahn tubes, was added an equal volume of the bacterial suspension, and the tubes were incubated for 18 hours in a water bath at 520 C. Agglutination was read macroscopically, and the highest serum dilution giving unequivocal agglutination was recorded as the titer.
Quantitative precipitin tests. (17) and by ultracentrifugation in 10 to 37% linear sucrose gradients (18) . Individual samples from the macroglobulin and 7 S fractions were diluted at 0.5 log intervals and assayed for bactericidal activity.
Results
Characteristics of febrile tolerance and antibody response to a series of injections of endotoxin. To further define the magnitude and duration of tolerance, the following experiments were performed. Tolerance was established in 110 normal rabbits by a series of nine daily intravenous injections of 0.25 ,ug of endotoxin. On the day following the last injection and at intervals thereafter, separate groups of three to eight rabbits were challenged with doses of endotoxin ranging from 0.25 to 250 ,ug. each of the test intervals; higher doses were employed at selected times. Normal rabbits were tested simultaneously with 0.25 Mig to provide direct comparative data.
On the day following the final injection, marked refractoriness to the febrile effects of endotoxin was apparent at each challenge dose employed (day 1, Figure 1 ). At the next test interval, 5 days later, febrile reactivity to 0.25 Mug had increased significantly when compared to the responses on the day following the series of injections (p < 0.01, t test); however, when the response at 5 days was compared to the responses of normals, appreciable tolerance to the 0.25-ug dose was still apparent (p < 0.01). This state of tolerance was maintained throughout the duration of the experiment (56 days, Figure 1 ) and in each instance was significantly different from controls (p < 0.01). Another group of normal rabbits, made tolerant in the same way, and challenged 5 or 10 days later with 0.25 jug, confirmed the early loss of tolerance. Since the results were similar to those noted in the initial experiment, they are included in the data depicted in Figure 1 . 4 As would be expected, the early decline in tolerance was most evident at the higher challenge doses. The responses to the 250-,ug dose, 1 and 5 days following the course of injections, are not included in Figure 1 ' In an additional experiment, 8 of a group of 17 rabbits were rendered tolerant as previously described. Sixty-three days later all animals were challenged with 0.25 ,ug of endotoxin. The group previously made tolerant had mean fever indexes significantly lower than the controls (p < 0.01), thus substantiating the persistence of tolerance noted in the first experiment. was different (51% and 17%o decreases in FI, respectively). Despite the marked alteration in febrile reactivity of both normal and tolerant animals and the presence of high levels of circulating antibody in the latter groups, the antigenic stimulus of a second injection of endotoxin did not further increase the antibody titers (Table III) . Discussion Although endotoxin tolerance has been extensively investigated, most workers have concerned themselves primarily with the phase of maximal resistance. In the present work, it was advantageous to determine the duration of this effect. The prevailing view has been that once established, febrile tolerance disappears within 2 to 3 weeks after a series of endotoxin injections; however, some authors obtained evidence to the contrary, viz., rabbits given endotoxin 3 months after induction of tolerance were found to show a delay in the initial rise in temperature such as was seen in tolerant animals (22) ; in some human volunteers tolerance was manifested for as long as 17 weeks (21) . The present findings of a significant degree of refractoriness at 63 days attest to and extend the evidence for persistence. In retrospect the persistence of this altered response to endotoxin might have been anticipated, since it has been reported that 5 weeks after a series of injections there remained an enhanced rate of clearance of Cr51-labeled endotoxin (24) , and protection against the lethal effect of endotoxin has been transferred with the serum of mice that had received a single injection 21 days earlier (7) .
The experiments with two markedly different schedules for inducing resistance emphasize the arbitrary character of the means for eliciting tolerance. The reduction in febrile response and the persistence of tolerance following the series of injections were not significantly different from that elicited by a single injection. The differences in the levels of antibody developed were not unexpected, since this is known to depend on the amount of antigen administered (20) . Differences in the antibody response developed by single or multiple injections appeared to be of a quantitative rather than qualitative character.
There are many variables that could conceivably influence the characteristics of the refractory state. Among these factors are the wide variations in pyrogenic potency of endotoxin preparations, schedule of injections, size of the challenge dose, differences in species, and prior exposure to endotoxin. Inasmuch as similar data were obtained with both E. coli and S. enteritidis endotoxins, this variable did not appear to be a factor. The use of a range of doses of endotoxin revealed the extent to which the challenge dictates the outcome, e.g., if rabbits are challenged with doses evoking maximal responses, tolerance is found to be transitory (Figure 1 ). This may account for the brief duration of tolerance reported by others. On the other hand, some workers, employing different preparations, have reported the rapid disappearance of tolerance (25) . It should be noted that the dose range they used did not evoke maximal responses, thus emphasizing that factors associated with the product may be as important as the dose.
The view that humoral factors contribute to or account for tolerance to the febrile effects of endotoxin is once again receiving support (8, 9) . The increasing conviction that antibodies (opsonins) are the humoral factors responsible for refractoriness to endotoxin derives from passive transfer experiments which in themselves do not constitute proof that antibody is necessarily the responsible component. It has recently been reported that "antibodies of the 19 S class," in the form of fractions of serum from tolerant animals, are the factors that transfer tolerance (26) . It should be noted that this preliminary report did not provide information on either the effect of transfer of similar fractions from normal rabbit serum or on antibody measurements. The fact is that despite recent frequent allusions to immune mechanisms being operative in endotoxin tolerance, no quantitative data on specific antibodies have been reported. There can, however, be little doubt that humoral factors are present in tolerant sera as attested to by the passive transfer experiments; nevertheless, these humoral factors are not necessarily antibodies.
In the present work the levels of antibody de- veloped in response to a series of injections of en-925 dotoxin were assessed by procedures that differ appreciably in their capacity to detect different immunoglobulins (11) . The serologic data obtained, nonetheless, show a similar pattern and a seeming lack of correlation with either the development, or persistence, of febrile tolerance. It is noteworthy, however, that during the first few days following the series of endotoxin injections, there occur a concomitant decline in levels of serum antibody and a marked decrease in tolerance. After this initial decrease in refractoriness, a significant and relatively constant degree of tolerance remains, whereas levels of antibody decline and later plateau. It may very well be that the amount of antibody required for the maintenance of tolerance is considerably less than that measured as circulating antibody, or that a more subtle qualitative change may be responsible. Such an interpretation could account for the persistence of tolerance inasmuch as the levels of circulating antibody, although reduced from the initial peak, were still far above background. Even at the termination of the experiment the serum level of precipitating antibody was at least 60 ptg of antibody protein per ml; thus, the antibody in as little as 1 ml of serum should be sufficient to complex the entire challenge (20) . It is possible that only a minute proportion of the challenge dose escapes and reaches key target cells triggering off the febrile reaction; then again endotoxin, even when complexed with antibody, may retain pyrogenic capabilities.
The type of antibody produced in response to endotoxin is predominately a 19 S macroglobulin; however, the 7 S antibody that develops, although a small proportion of the total, might nonetheless account for the observation of a slower decline in precipitating antibody levels, since it is known to be the more avid form of specific antibody (27) . In contrast to other antigens that have been studied, the onset of production of significant 7 S antibody (24 days) seemed not to affect the continuing high levels of the 19 S bactericidal antibody. In seeking to explain the latter findings, it should be noted that the series of daily intravenous injections generally employed to evoke tolerance represents a departure from the usual methods of antigenic stimulation. This may be important in that the same amount of antigen given as a single injection has been found to give rise to essentially 19 S antibody (28) . Although it has been possible to produce significant amounts of 7 S antibodies to this kind of antigen in the rabbit (11), massive doses (1,500 ug) were used in comparison to that employed to induce tolerance (2.25 Mug).
A rapidly developing resistance to endotoxin has been previously noted for various host effects such as fever (19) , lethality (7) , and resistance to infection (29) . Indeed, the present work shows that following a single injection of endotoxin, tolerance developed so rapidly it had reached a maximum at least 48 hours before any increase in antibody levels was discernible. Despite the abrupt rise in serum antibody that occurred at day 3 and reached a peak at day 5, the diminished febrile response remained constant; no significant changes in the degree of tolerance took place during the following 30 days even though the level of antibody had declined.
As noted previously, following lapse of tolerance, a rapid return of the refractory state ensued upon rechallenge (21, 22) . Significant febrile tolerance was still demonstrable in our rabbits at the time the experiments were terminated; another injection on the following day sufficed to restore the original high level of resistance. However, rapid reduction in febrile response could also be evoked in normal animals. On the other hand, if the challenge dose was administered 48 hours later, significantly greater refractoriness was noted in the tolerant group. Tolerance that reappeared within 2 days in rabbits whose refractoriness had lapsed was described as an "anamnestic" response (23) . In the absence of antibody measurements, the inference that immune mechanisms were responsible for this effect is not warranted. If this rapid return of tolerance is to be equated with an anamnestic response, as this designation is generally applied to immune systems, there should occur a prompt and sharp rise in serum antibody levels. In the work reported here no such effects were observed; in three experiments no elevation in titer of circulating antibody was evident at the time when the animals displayed "reactivated" tolerance.
These studies and earlier work have failed to demonstrate a correlation between titers of the 19 S antibody and tolerance. It should be noted that humoral factors other than the immunoglobulins may also be involved. We have found that 6-mercaptopurine administered at the same time as the endotoxin injections, to a large extent, suppressed the production of specific antibody; titers were approximately 10% of those seen in controls (30) . Despite this profound reduction of specific antibody levels, the "suppressed" and control animals developed febrile tolerance of equal magnitude (31) . These findings fail to support the idea that some macroglobulin antibody, different from the familiar one directed against the somatic polysaccharide, is the major factor in resistance (26) . In view of the well-documented opsonic capabilities of the antipolysaccharide macroglobulin antibody, it does not seem justifiable at this time to ignore this immunoglobulin as a factor in tolerance. Finally, it is emphasized that these antibodies, which are invariably present in all normal animals, are far more prominent in the endotoxin-treated host. In all probability they interact with the intravenously injected endotoxin; they could therefore participate in its more efficient clearance, which is such a distinctive feature of tolerance.
Summary
Febrile tolerance was induced in rabbits by a series of nine daily intravenous injections of Salmonella enteritidis endotoxin, and at varying intervals thereafter the animals were tested quantitatively for resistance to the pyrogenic activity of this bacterial polysaccharide. Utilizing a 1,000-fold range of challenge doses, we found that refractoriness to the least amount of endotoxin employed (0.25 Iug) persisted for more than 8 weeks, and tolerance to endotoxin in increasing amounts was of progressively shorter duration. During the period of diminished febrile response, there was no consistent correlation with the levels of circulating antibody as measured by five different techniques.
In animals whose resistance had diminished, tolerance was "reactivated" within 24 hours by a single injection, during which time no increase in antibody was discernible. The immune response to the tolerance schedule of multiple injections of endotoxin involved the development and persistence of substantial levels of macroglobulin antibody; however, after 3 weeks or more, small amounts of 7 S antibody were also evident.
A single injection of endotoxin evoked within 24 hours pyrogenic tolerance of a magnitude similar to that following multiple injections; this tolerance persisted at diminished levels for at least 34 days. However, specific antibody was not detected before 72 hours, attained a maximum at 5 days, and declined thereafter.
